Hepatitis B virus (HBV) is a leading cause of liver disease and hepatocellular carcinoma; over 400 million people are chronically infected with HBV. Specific anti-HBV treatments, like most antivirals, target enzymes that are similar to host proteins. Virus capsid protein has no human homolog, making its assembly a promising but undeveloped therapeutic target. HAP1 [methyl 4-(2-chloro-4-fluorophenyl)-6-methyl-2-(pyridin-2-yl)-1,4-dihydropyrimidine-5-carboxylate], a heteroaryldihydropyrimidine, is a potent HBV capsid assembly activator and misdirector. Knowledge of the structural basis for this activity would directly benefit the development of capsid-targeting therapeutic strategies. This report details the crystal structures of icosahedral HBV capsids with and without HAP1. We show that HAP1 leads to global structural changes by movements of subunits as connected rigid bodies. The observed movements cause the fivefold vertices to protrude from the liganded capsid, the threefold vertices to open, and the quasi-sixfold vertices to flatten, explaining the effects of HAP1 on assembled capsids and on the assembly process. We have identified a likely HAP1-binding site that bridges elements of secondary structure within a capsid-bound monomer, offering explanation for assembly activation. This site also interferes with interactions between capsid proteins, leading to quaternary changes and presumably assembly misdirection. These results demonstrate the plasticity of HBV capsids and the molecular basis for a tenable antiviral strategy. Perturbing HBV assembly, altering either the timing or the geometry of capsid formation, is expected to interfere with viral infection (42). In cultured cells, heteroaryldihydropyrimidine (HAP) molecules, such as BAY41-4109, lead to decreased production of virions and accelerated loss of capsid protein to proteasomal digestion (8). In vitro, excess BAY41-4109 led to misdirection of assembly (11). HAP1 [methyl 4-(2-chloro-4-fluorophenyl)-6-methyl-2-(pyridin-2-yl)-1,4-dihydropyrimidine-5-carboxylate], a related small molecule, was found to accelerate capsid assembly kinetics, while stoichiometric concentrations of HAP1 misdirect assembly, yielding nonicosahedral hexagonal arrays of capsid protein (26). HAP1 also bound preformed capsids and triggered disassembly, which was exacerbated by capsid-destabilizing conditions (26).
Hepatitis B virus (HBV) is a small DNA virus with an enveloped T ϭ 4 icosahedral capsid composed of 240 copies of core protein and a minor population of T ϭ 3 capsids composed of 180 copies of core protein. Protein subunits are found in four quasi-equivalent protein chain positions, A through D, arranged as AB and CD dimers (see Fig. 2C ). Multiple points in the replication cycle of HBV (24) , including reverse transcription of pregenomic RNA and cellular trafficking (35) , are dependent on proper capsid formation (25) .
Perturbing HBV assembly, altering either the timing or the geometry of capsid formation, is expected to interfere with viral infection (42) . In cultured cells, heteroaryldihydropyrimidine (HAP) molecules, such as BAY41-4109, lead to decreased production of virions and accelerated loss of capsid protein to proteasomal digestion (8) . In vitro, excess BAY41-4109 led to misdirection of assembly (11) . HAP1 [methyl 4-(2-chloro-4-fluorophenyl)-6-methyl-2-(pyridin-2-yl)-1,4-dihydropyrimidine-5-carboxylate], a related small molecule, was found to accelerate capsid assembly kinetics, while stoichiometric concentrations of HAP1 misdirect assembly, yielding nonicosahedral hexagonal arrays of capsid protein (26) . HAP1 also bound preformed capsids and triggered disassembly, which was exacerbated by capsid-destabilizing conditions (26) .
To ascertain the structural basis for HAP1 activity, we have determined the 5.05-Å structure of a variant of the adyw strain HBV capsid (residues 1 to 149) complexed with HAP1 (referred to as ϩHAP1). To facilitate comparison, we have also determined the structure of this variant in the absence of HAP1 (ϪHAP1) to 3.95 Å. We find structural changes resulting from binding HAP1 that suggest a molecular basis for HAP1 activity. We also identify a putative HAP1-binding site, defining a target for assembly-directed anti-HBV molecules.
MATERIALS AND METHODS
Sample preparation. Hepatitis B virus strain adyw, truncated at residue 149, had three native cysteine residues (positions 47, 61, and 102) replaced by alanine and an additional cysteine added at position 150 (QuikChange Multi-Site-Directed Mutagenesis kit; Stratagene). This construct was expressed in Escherichia coli and purified as previously described with minor modifications (38) . Briefly, after separation by using Sepharose CL4B chromatography resin (Amersham Biosciences), fractions corresponding to assembled capsids were precipitated by ammonium sulfate and further purified by velocity sedimentation through a linear 10 to 40% sucrose gradient. Clear bands were evident for both T ϭ 3 and T ϭ 4 capsid sizes. The T ϭ 4 band was excised by side puncture and dialyzed for crystallization without further purification.
Crystallization. Crystallization was optimized from previously reported conditions for the adyw subtype (41) and primarily involved replacement of the precipitant (isopropanol) with 2,3-butanediol to ease downstream crystal handling. Cocrystals were grown with the addition of a twofold molar excess of racemic HAP1 in ethanol (relative to the dimers within the capsid) followed by at least a 1-hour incubation at room temperature prior to crystallization setup. Synthesis of HAP1 has been previously described (26) , and its structure is shown in Fig. S6C in the supplemental material. Growth was carried out at room temperature with 4-to 6-l sitting drops and was initiated by a 1:1 mixture with a well solution. The protein solution contained 10 mg/ml capsid-bound dimer in 5 mM Tris, 150 mM sodium chloride, pH 7.5, and 2 to 4% ethanol. Well solutions were typically composed of 8 to 10% polyethylene glycol 5000 monomethylether, 6 to 14% 2,3-butanediol, 100 mM sodium bicarbonate, pH 9.5, 50 to 150 mM sodium chloride, and 100 to 500 mM potassium chloride. Growth of diffractionquality crystals was rare and, for ϪHAP1 crystals, typically took longer than 2 months. Excessive crystal nucleation in the presence of HAP1 was lessened by reduction of the precipitant (butanediol) or growth at 4°C.
Collection of diffraction data. Cryo-protection was accomplished by a gradual increase in the 2,3-butanediol concentration to 17 to 20% and was successful only when uncrystallized capsid was included in the mother liquor, typically at 2 mg/ml. Crystals were flash cooled in a stream of liquid nitrogen. Crystals were screened in-house prior to data collection at the Advanced Photon Source beamlines 14-BMC (ϪHAP1 structure) and 14BMD (ϩHAP1 structure). Each data set was collected from a single cryo-cooled crystal. X-ray crystallographic statistics are given in Table 1 .
Structure solution and refinement. Because the unit cells were nonisomorphous, molecular replacement was carried out for each structure. For ϪHAP1, the adw-like capsid (36) template was used as a phasing model. Molecular replacement was applied with the MolRep program (33), aided by self-rotation functions calculated with GLRF (32) . Subsequent efforts to refine orientation and position did not lead to any changes in the skew matrix. Phases calculated to 8 Å were subjected to 60-fold noncrystallographic symmetry (NCS) averaging and stepwise phase extension. Phases to 8 Å for the ϩHAP1 structure used a partially refined ϪHAP1 model and were extended to 5.05 Å with NCS averaging. NCS averaging was performed at one-lattice-step intervals with AVE by using masks calculated with MAMA, both from the RAVE package (15) . Resulting maps were calculated with SigmaA weighting from the CCP4 program suite (5) .
Refinement was carried out with CNS (3) by using strict icosahedral NCS, isotropic B-factor correction, and bulk solvent scaling. For the 5.05-Å ϩHAP1 structure, the bulk solvent scaling was manipulated to give satisfactory results by specifying a protein mask of a defined radius. Initial steps utilized positional refinement in conjunction with torsion molecular dynamics, with a slow-cooling schedule from 2,000 K in 50-K steps. Further positional refinement was iterated with 60-fold NCS averaging and manual rebuilding in O (12) . The geometry weighting factor (w a ) was explicitly given in each run to favor geometric restraints due to the low resolution. B factors were assigned as "grouped" and used limits of 20 Å 2 to 200 Å 2 for the ϪHAP1 structure, with an average of 106 Å 2 ; the B-factor range was limited to 20 Å 2 to 300 Å 2 for the ϩHAP1 structure, with an average of 132 Å 2 . While a test set of 5,000 reflections was flagged in thin shells and used for cross-validation, the resulting R free was essentially unchanged from the crystallographic R factor due to NCS correlation with the refined data. Final cycles of 60-fold NCS averaging produced averaging R factors of 31.6% for the ϪHAP1 structure to a 3.95-Å resolution and 31.3% for the ϩHAP1 structure to 5.05 Å, with corresponding correlation coefficients of 89.4% and 88.9%, respectively. The molecular model was refined to yield crystallographic R factors of 36.0% for ϪHAP1 and 36.7% for ϩHAP1 structures (Table 1) . These values are consistent with those for other structures solved at comparable resolutions. For example, L-A virus was solved at 3.4 Å with an averaging R factor of 31.0% (22) , Physalis mottle virus was solved to 3.8 Å with a crystallographic R factor of 32.6% (17) , and adeno-associated virus 2 was solved to 3 Å with a crystallographic R factor of 33.8% (37) .
Maps were calculated using F obs scaled by the negative of the Wilson B factor for each data set (B sharpened). For the F obs Ϫ F calc map, F calc contained bulk solvent scaling, and one cycle of 60-fold NCS averaging was applied to the resulting map. Superposition of maps was performed with MAVE from the RAVE package (15) . Superpositions of models were carried out with O, LSQKAB (13) , and LSQMAN (14) and used the ␣-carbons of residues 1 to 144. Capsid global superposition used fiducial markers around the symmetry axes (␣-carbon of Tyr132). Buried-surface area was calculated with Areaimol (18) from the CCP4 package. Figures were generated by screen capture from O (12), rendered with Molscript (16) or Bobscript (9, 21), or from PyMol (7).
Protein structure accession numbers. The atomic coordinates and structure factors have been deposited in the RCSB Protein Data Bank (www.rcsb.org/pdb) with accession numbers 2G33 (ϪHAP1) and 2G34 (ϩHAP1).
RESULTS
Structure of adyw capsids. The adyw capsid protein differs from the protein used in a previously determined HBV capsid structure (Protein Data Bank code 1QGT) (36) at seven residues; in addition, three native cysteines were replaced with alanine. Despite the removal of Cys61, seen in an intradimer disulfide in 1QGT, the ϪHAP1 backbone was nearly identical, including the regions near the mutated positions (Ͻ1.6-Å root mean square deviation [RMSD]) (Table S5 in the supplemental material). There was some extension of interpretable density at the C termini compared to what was presented for 1QGT. To minimize HAP1-mediated capsid disassembly and achieve higher resolution diffraction, it was necessary to incorporate a C-terminal cysteine as residue 150, which stabilized capsids by formation of interdimer cross-links (39) . No density was observed for the C-terminal residues, and no interdimer cross-links were assigned. However, without cross-links, the ϩHAP1 structure diffracted to only 7.7 Å (data not shown).
HAP1-mediated changes were visible in the primary data. Cocrystallization of capsids with HAP1 changed crystallization properties, crystallographic packing of particles, and unit cell dimensions, consistent over multiple crystals (Table 1; also Fig.  S5 in the supplemental material). Structural changes due to HAP1 binding were readily apparent in overlays of the averaged density maps (Fig. 1) . Densities corresponding to CD dimers revealed a mismatch between ϪHAP1 (Fig. 1, cyan) and ϩHAP1 (Fig. 1, magenta) , evident around the quasi-sixfold vertices. This variation appeared to be on the plane of the capsid surface; the CD dimers did not appear to move radially. In contrast, the external capsid surface at the fivefold vertex, formed by AB dimers, was dominated by the ϩHAP1 density, which obscured the ϪHAP1 density. Inspection of the density 
, where I J (h) is measurement number j of the intensity of a reflection with indices h. c I, intensity. for an AB dimer from the "side" (Fig. 1B) revealed an elevation of the ϩHAP1 AB dimer density (magenta) relative to that of the ϪHAP1 dimer (cyan), with a minimum change at the outer portion of the B chain and a maximum at the outer portion of the A chain.
HAP1 affects quaternary but not tertiary structure. Molecular models were fit into averaged density maps, and structural units were superimposed to assess HAP1-mediated changes. The RMS deviations for the ␣-carbons of quasi-equivalent subunits were 1.0 to 1.7 Å for ϪHAP1 and ϩHAP1 structures, individually (Table S4 in the supplemental material). Comparison of monomers between the structures yielded a similar range (Table S5 in the supplemental material). This indicates that binding of HAP1 did not affect the structure of the four quasi-equivalent monomers of the capsid. Variation between monomers was localized to the top of the helix-turn-helix that forms spikes on the surface of the capsid. The flexibility of this region of the capsid was suggested by maximum B factors assigned to this loop, also seen in a previously reported crystal structure (36) (this flexibility may be related to absence of an envelope and surface proteins). Superpositions between the ϪHAP1 and ϩHAP1 models were carried out with progressively larger structural units (Table 2) . Individual dimers produced RMS deviations (for ␣-carbons) that are within the range of quasi-equivalence. The superposition of an icosahedral asymmetric unit (␣-carbons of an AB ϩ CD dimer) from each structure yielded an RMS deviation of 1 Å and no striking changes.
HAP1 led to a global structural rearrangement of the capsid consistent with observed changes in averaged density. This change was achieved by moving each AB ϩ CD dimer (an icosahedral asymmetric unit) as a rigid component ( Fig. 2 ; see also Fig. 4 ). HAP1 induced a pivoting of the AB dimer upward out of the capsid surface, hinging near residue 132 (Fig. 2C) of chain B and leading to a radial displacement of 3.4 Å at the ␣-carbon of chain A residue 132 (surrounding the opening at the fivefold vertices). This movement of the A chain resulted in a protrusion of the fivefold vertices from the surface of the capsid compared to what was found for the ϪHAP1 structure ( Fig. 2A and B) . The concerted movement of the icosahedral asymmetric unit lowered the radius of the D chain by ϳ2 to 2.4 Å while the C chain rose ϳ1.6 to 2 Å, pivoting near the center of the CD dimer to maintain the same overall radial position. The displacements of the C and D subunits resulted in a flattening of the quasi-sixfold vertices (Fig. 2C) . The CD dimer also rotated on the plane of the capsid surface, around a vector through the longest dimer axis (the C-terminal helix-loop-coil of the C and D chains) (Fig. 2) , which resulted in a larger opening at the threefold vertices. Because the models are refined independently, the similarity of the monomers and their movements as nearly rigid bodies make it possible to reliably identify structural differences, even at 5.05-Å resolution.
Locating the HAP1-binding site. We identified a likely HAP1-binding site based on an additional electron density of approximately the right size associated with only the B and C chains of the ϩHAP1 structure. Analogous densities were identified at the same locations in an HBV capsid structure complexed with a brominated version of HAP1 (data not shown). This feature is strongest for the C chain (Fig. 3B) , where it is as strong as the protein density in B-sharpened maps, and it is the strongest block of density (15) in F obs Ϫ F calc difference maps. While the B chain also exhibits this excess density in the presence of HAP1, it is much weaker (Fig.  S6 in the supplemental material), suggesting partial occupancy or disorder. The observed one HAP per dimer correlates with the crystallization conditions, which contained one HAP1 molecule (active enantiomer) per dimer. Neither the A nor the D chain has any evidence of density at this site, nor do any of the chains from the higher-resolution ϪHAP1 structure ( Fig. S6 and S7 in the supplemental material). The location of the putative HAP1 density is consistent with its role as an activator of assembly. Though the structure of the free dimer is not known, evidence suggests that there is a conformational change associated with assembly activation (4, 26, 27) . Within a monomer, the putative HAP1 site is lined with hydrophobic residues, including Trp102, Phe23, Pro25, and Leu140. Bridging these regions of a monomer together, essentially functioning as hydrophobic glue, would stabilize the structure observed in the capsid. HAP1 localized to this hydrophobic cavity within a monomer also places it within and FIG. 2. HAP1 causes global structural changes. A surface rendering of the ϪHAP1 structure (A) and the ϩHAP1 structure (B), viewed looking down an icosahedral twofold (quasi-sixfold) axis; inset shows a fivefold vertex. Twofold and threefold symmetry axes are indicated. Note the changes in the shapes of the openings at all symmetry axes in ϩHAP1. A solvent radius of 3 Å was used in the calculation to produce a smoother surface. (C) A superposition of dimers from the ϪHAP1 (gray) and ϩHAP1 (colored) capsid structures. Magenta, chain A; blue, chain B; yellow, chain C; purple, chain D. Red spheres indicate the putative binding site of HAP1 on chain C. Note how the ϩHAP1 structures are pushed apart at this site. Residue Tyr132 is denoted for the A chains by a stick model; all other chains have Tyr132 in a quasi-equivalent position. A schematic of dimer arrangements surrounding the quasi-sixfold and threefold vertices is inset. The threefold and twofold (quasi-sixfold) symmetry operators are identified. (D) A CD dimer showing the putative HAP1 density from the averaged F obs Ϫ F calc density in red (15) . The schematic is rotated 90°on the plane of the page relative to that in panel C, and the color coding is the same.
partially obstructs a groove used to interact with a neighboring dimer, consistent with the changes in quaternary structure and the function of HAP1 as an assembly misdirector at high concentrations (26) .
HAP1 binding caused a loss of ϳ10% of the buried surface between A chains at the fivefold vertices due to propagated movement of the AB dimer (Table 3 ). The capsid interface between the C and D chains (interdimer), found at the quasisixfold and threefold vertices, lost nearly 25% of its buried surface in the presence of HAP1 (Table 3) . Neither the BC nor the BD capsid interface showed significant change in buriedsurface area. The loss of buried surface occurred only at the boundaries of the icosahedral asymmetric unit. Inclusion of HAP1 in the extra density at the CD (interdimer) interface would provide a compensatory gain in buried surface to offset the observed loss (Fig. 4) . The changes in buried-surface area and the positions of the putative binding sites at the threefold and quasi-sixfold vertices are consistent with the excess of hexamers in the assembly products of HAP1-misdirected reactions (26) .
DISCUSSION
The putative location of the HAP1-binding site is appealing because it correlates with structural changes and explains HAP1 activity. There are strong arguments for the authenticity of this assignment. (i) This density, observed only in the ϩHAP1 structure, is as strong as the protein backbone in a 2(F obs ) Ϫ F calc map (Ͼ4) and is greater than 15 in an F obs Ϫ F calc map. (ii) The size and shape of this density ( Fig. 3 ; also The putative binding pocket is hydrophobic and complementary in shape to HAP1. (iv) The density is localized to areas with the largest structural changes, correlating with both movements and the loss of buried surface. Previously, another HAP molecule was successfully cross-linked to a histidine residue (8); we note that His51 and His104 are close, though not adjacent, to the putative HAP1-binding site.
Given this location, we can develop a rationale for HAP1 FIG. 3 . The putative HAP1-binding site is located in a hydrophobic pocket that appears central to major global movements. Only the pocket of the C subunit appears to have high occupancy (for other chains, see Fig. S6 and S7 in the supplemental material); wall-eyed stereo pairs for the ϪHAP1 C chain (A) and ϩHAP1 C chain (B) are shown, with the final averaged B-sharpened electron density map contoured at 2 (magenta); averaged F obs Ϫ F calc density is also shown, contoured at 15 in cyan. Ribbons indicate secondary structure; selected residues surrounding the pocket are labeled and represented as sticks. The view is roughly perpendicular to that shown in Fig. 2C . activity. HAP1 favors assembly because its putative binding pocket stabilizes a capsid-bound dimer structure by associating the C terminus, which is probably very flexible in the dimer form, with the central four-helix bundle at the dimer interface. Localization of HAP1 in this density generates a triangle of dimers around the icosahedral threefold vertex, with a HAP1 at each corner (Fig. 2C) . As capsid assembly is nucleated by a trimer of dimers (40) and such a triangle is also consistent with the hexagonal lattice observed in assembly induced by high HAP1 (26), we are led to speculate that HAP1 may also enhance assembly kinetics by promoting or stabilizing capsid nuclei. HAP1 destabilizes preformed capsids by, at a minimum, weakening fivefold vertices. Recent results suggest destabilization of assembled capsids at stoichiometries of one HAP1 per dimer and greater (29) . HAP1 causes a flattening of quasi-sixfold vertices, which could contribute to the hexameric oligomers formed in solution when there is excess HAP1 (26) . Previous observations indicate a switch from enhanced assembly at ratios of up to one HAP1 per two dimers (which could be accomplished by HAP1 binding to C chains) to misdirected assembly at higher HAP1 ratios, with a maximum effect achieved at one HAP1 per dimer (26) . We have avoided the more drastic destabilizing effects of HAP1 (26) by covalent cross-linking of capsids utilizing the C-terminal cysteine. Misdirection of assembly would be expected when capsid protein is saturated with HAP1 because it favors threefold and quasisixfold structures. Global HBV capsid plasticity was achieved by moving nearly rigid bodies (an AB ϩ CD dimer) linked by icosahedral symmetry (Fig. 4) , similar to what was found for other viruses known to change quaternary structure by moving protein subunits as near-rigid bodies (1, 6, 20, 30) . It is interesting to note that destabilization of fivefold vertices appears to be a common feature in virus transitions (10, 19, 31) . HBV capsid flexibility is proposed to transduce signals during the viral life cycle. Recent cryo-electron microscopy structures of HBV RNA-and DNA-filled capsids suggested a subtle movement within the dimer (23) , while image reconstructions of HBV with inserts at the spikes showed large rotations of subunits leading to deformation of individual dimers (2). Our structure with HAP1 demonstrates that a much greater range of motion is accessible to a capsid while maintaining individual dimer structures.
Capsid proteins and the process of their assembly have no cellular analogs, making them attractive virus-specific therapeutic targets. We have identified a likely binding site for HAP1 that provides molecular rationales for allosteric activation and misdirection of HBV capsid assembly (26) . Because of the capsid-destabilizing activity of HAP1, the ϩHAP1 structure should be considered a snapshot of a metastable step in the disassembly process, providing a trajectory for the early stages in capsid disruption. As the rules for regulating and deregulating assembly are determined for different viruses, targeting assembly holds promise for a new generation of antiviral therapeutics (42) . Recent development of highthroughput methods for screening potential anti-HBV capsid-specific molecules will help identify molecules that use this and other mechanisms for affecting capsid assembly and structure (28, 34) .
